The recent sequencing of several complete genomes has made it possible to track the evolution of large gene families by their genomic structure. Following the large-scale association of exons encoding domains with well defined functions in invertebrates could be useful in predicting the function of complex multidomain proteins in mammals produced by accretion of domains. With this objective, we have determined the genomic structure of the 14 genes in invertebrates and vertebrates that contain rel domains. The sequence encoding the rel domain is defined by intronic boundaries and has been recombined with at least three structurally and functionally distinct genomic sequences to generate coding sequences for: (i) the rel͞Dorsal͞NFB proteins that are retained in the cytoplasm by IkB-like proteins; (ii) the NFATc proteins that sense calcium signals and undergo cytoplasmic-to-nuclear translocation in response to dephosphorylation by calcineurin; and (iii) the TonEBP tonicity-responsive proteins. Remarkably, a single exon in each NFATc family member encodes the entire Ca 2؉ ͞ calcineurin sensing region, including nuclear import͞export, calcineurin-binding, and substrate regions. The Rel͞Dorsal proteins and the TonEBP proteins are present in Drosophila but not Caenorhabditis elegans. On the other hand, the calcium-responsive NFATc proteins are present only in vertebrates, suggesting that the NFATc family is dedicated to functions specific to vertebrates such as a recombinational immune response, cardiovascular development, and vertebrate-specific aspects of the development and function of the nervous system. T he rel DNA-binding domain is found in a variety of proteins with diverse functions and mechanisms of action. It was first recognized in the transforming gene of the avian reticuloendotheliosis virus (1), the Drosophila developmental control gene Dorsal (2), and the NFkB proteins (3). The NFkB, rel, and dorsal proteins are mechanistically related in that they are retained in the cytoplasm by anchoring proteins related to cactus or IkB (4). The IkB and cactus proteins mask nuclear localization signals within the rel domain and are under the control of signaling pathways that regulate their degradation (for review, see ref. 5). In addition, sequences outside the rel domains of dorsal, p65, and c-rel are conserved, indicating that they are likely to be true homologues in the strict sense (6).
T
he rel DNA-binding domain is found in a variety of proteins with diverse functions and mechanisms of action. It was first recognized in the transforming gene of the avian reticuloendotheliosis virus (1), the Drosophila developmental control gene Dorsal (2) , and the NFkB proteins (3) . The NFkB, rel, and dorsal proteins are mechanistically related in that they are retained in the cytoplasm by anchoring proteins related to cactus or IkB (4) . The IkB and cactus proteins mask nuclear localization signals within the rel domain and are under the control of signaling pathways that regulate their degradation (for review, see ref. 5 ). In addition, sequences outside the rel domains of dorsal, p65, and c-rel are conserved, indicating that they are likely to be true homologues in the strict sense (6) .
A poorly conserved rel domain is also present in the four members of the NFATc family, which encode the cytoplasmic calcium͞calcineurin-responsive subunits of NFAT transcription complexes (7, 8) . In these proteins, the DNA-binding domain is about 18-20% identical to the rel domain of NFkB p50 (7) . The sequence similarity of the rel and NFATc DNA-binding domains is supported by structural analysis, showing that the topology of the DNA-binding domains of NFATc1(c) and NFATc2(p) is related to the NFkB p50 rel domain. The rel domain in the NFATc proteins lacks a critical loop that makes contact with DNA in NFkB (8) . These structural features of the NFATc rel domain explain the observation that this group of proteins requires a partner (NFATn) for DNA binding and transcriptional activation. Hence the NFATc proteins act as signal integrators and coincidence detectors (9) . However, because no detectable similarity exists outside of the DNA-binding domains of the NFATc and rel͞Dorsal͞NFB families, they are not homologues or orthologues but simply contain a conserved rel domain. Furthermore, although the NFB proteins are retained in the cytoplasm by the IkB proteins, the NFATc proteins undergo nuclear translocation in response to dephosphorylation by calcineurin, which is regulated by calcium signals (10, 11) .
A rel domain is also found in the TonEBP (NFAT5) (12) . This protein was discovered in a search for the transcriptional regulators of the tonicity response (13, 14) . The ToneBP protein binds to the regulatory regions of several genes that are essential for adaptation to osmotic stress. Although the function of this protein is not completely clear, changes in tonicity activate its transcription, and it in turn activates genes that enhance biosynthesis of solutes that oppose osmotic stress. Although the rel domain of TonEBP is most closely related to the rel domain of NFATc family members, there is no similarity outside the rel domain, and the protein contains none of the distinctive structural and functional features of the NFATc family, such as the SP repeats and the calcineurin-binding domain (12, 15) . The TonEBP protein also lacks similarity to the rel͞dorsal͞NFkB proteins outside the rel domain and hence is not a homologue or orthologue of rel͞dorsal͞NFB proteins but simply contains a conserved domain.
To help understand the evolutionary origins of the rel domain proteins, we made use of recent genomic sequence data and, where these data were not available, determined experimentally the sequence, genomic structure, and chromosomal map positions for each of the 14 genes for proteins containing rel domains in insects and vertebrates. Our analysis indicates that during the course of evolution, the rel domain has gained function by: (i) recombination with a locus encoding cytoplasmic retention domains containing ankyrin repeats to generate p105, relish, and p100; (ii) an independent recombination with an exon encoding a Ca 2ϩ ͞calcineurin-responsive domain to generate the Ca 2ϩ -dependent NFATc proteins; and (iii) recombination with a regulatory region responsive to tonicity signals to generate the TonEBP or NFAT5 genes.
Methods
Genomic Mapping Studies. The human genes were mapped by genotyping two radiation hybrid mapping panels: Genebridge 4 (93 hybrid lines with resolution of 270 kb͞cR) and Stanford G3 (83 hybrid lines and conversion of 30 kb͞cR) (16, 17) . Twopoint maximum likelihood analysis results were obtained by submitting the scores to www-genome.wi.mit.edu͞cgi-bin͞contig͞ Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. AF309388 and AF309389).
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rhmapper.pl. The mouse NFATc4 gene was mapped on The Jackson Laboratory interspecific backcross panel BSS (C57BL͞ 6Jei ϫ SPRET͞Ei)F1 ϫ SPRET͞Ei. For SSCP (120 mM NaCl͞5 mM sodium citrate͞20 mM sodium phosphate, pH 6.8) analysis, PCR products were separated on 10% nondenaturing polyacrylamide gels at 200 V for 2 h and were visualized by silver staining. Uniquely migrating conformers were identified for the B and S parental strains and used to genotype the 93 backcross animals.
Sequence Determination. The sequences of the genes for murine NFATc4 were determined by conventional methods (18) and have been given GenBank numbers AF309388-AF309389. The sequences for the full-length murine NFATc4 cDNA were determined and entered as GenBank number AF283284.
Results
Because intronic boundaries are some of the most stable features of a gene family (for review, see refs. 19 and 20), we determined the positions of introns in each of the 14 known genes encoding proteins with rel domains. The positions of introns in these genes are highly conserved, with introns positioned to either side of the sequence encoding the rel domain (Fig. 1) . The exceptions to this are informative: the sequences encoding the rel domain in relish, Dif, Dorsal, and Rel B lack an intron 5Ј to the coding region. If the ancestral gene contained an intron demarcating the N-terminal coding region in these genes, this intron must have been lost before the formation of Rel B, Dorsal, Dif, and Relish, because the other vertebrate genes all have retained this intron. Alternatively, if the ancestral gene lacked an intron demarcating the N-terminal coding region of the rel domain, it must have been inserted after the Relb, dif, dorsal, and relish genes had originated from the ancestral gene. By either scenario, Rel B is the closest vertebrate relative of Dorsal, Dif, and Relish. Introns could not have been randomly lost or inserted, because a number of studies have shown that their positions are highly conserved within gene families (21, 22) . The sequence encoding the C terminus of the rel domain is also bounded by introns for each of the proteins except relish (Fig. 1) . Indeed, the conserved proline codon at the C terminus of all rel domains occurs within five amino acid codons of the C-terminal intronic insertion (Fig. 1) .
The most distinctive structural feature of the rel domain is the division of the dimerization and specificity domains (23, 24) . Remarkably, in all vertebrate rel domain-containing genes, an intron precisely separates the sequences encoding the dimerization and the DNA specificity domains within the rel domain ( Figs. 1 and 2) . Again, the exceptions are informative, in that no insect gene other than Drosophila TonEBP has this intron insertion site between the recognition and dimerization do- The recognition, dimerization, and specificity regions are indicated above the aligned sequences. For the relish protein, a gap was shifted 18 amino acids to produce the alignment shown, allowing the common intron insertion site to align. The realignment resulted in the loss of only one amino acid identity. NLS, nuclear localization sequence.
mains. One possible explanation is that the ancestral gene contained an intron at this position, which was lost. However, several lines of evidence bode against intron loss (25, 26) , particularly because there is no evidence of processing and reinsertion of the insect rel domains. A more likely scenario is that the ancestral gene gained an intron separating the sequences encoding the dimerization and specificity domains, which then allowed the rel domain to successfully recombine and disseminate in vertebrates.
To determine the time of origin of the structural genomic difference between insect and human rel domains, we examined the rel domains of other vertebrates, including zebrafish, chickens, mice, and hamsters. In all Drosophila genes except relish, the sequence encoding the rel domain itself is divided by four introns, but in vertebrate genes, it is divided by five to seven conserved introns in all vertebrate genes encoding proteins with rel domains. Although complete information is not available about these other vertebrate species, all vertebrate rel domains from which we have been able to obtain sequence data have the more complex structures, consistent with a gain of introns near the origin of vertebrates, as predicted by studies with other genes (25) . This possibility is reinforced by the fact that we were unable to find a protein containing a rel domain or either of the two subdomains of the rel domain in the Caenorhabditis elegans genome. However, because structural and topological features of proteins may be similar, with no apparent similarity at the amino acid sequence level, it is still possible that a homologous domain is present in the C. elegans genome. Table 1 shows the positions of conserved introns in all of the rel domains and gives a picture of the likely evolutionary history of the rel domain. Those rel domains sharing intronic positions are almost certainly the most closely related. All rel domains encoding sequences have an intron at position 6 (Table 1) . A comparison to the structures of NFkB p50 (23), NFATc1, and NFATc2 (8, 27, 28) indicates this position has no clear relation to the structural domains within the rel protein. Most likely this intron appeared in the ancestral gene for all rel domains and hence represents a useful mark for the evolution of this gene family. Several other relationships are apparent from data presented in Table 1 . The shared intronic position five in c-rel, rel B, p65, p105, and p100 indicates they are most related and distinct from the NFATc proteins. Conserved intronic positions at three and nine indicate that the NFATc proteins are most closely related to p105, p100, and rel B.
The exons encoding the Rel domain have been shuffled into other genomic loci, resulting in functional diversification. The demarcation of the rel domain-encoding sequence in vertebrates by introns suggests that after its appearance, it was shuttled about the genome as a functional unit. In the case of the four genes that encode the cytoplasmic components of the NFAT transcription complex, a recombination of the rel domain-coding region has occurred, with an exon encoding those sequences necessary and sufficient for cytoplasmic-nuclear shuttling of the NFATc proteins (11) . The proteins of the NFATc family reside in the cytoplasm and translocate to the nucleus after dephosphorylation by the Ca 2ϩ -dependent phosphatase calcineurin (10, 11) , where they combine with nuclear subunits (NFATn) to generate the NFAT transcription complex (29) . These proteins are also rapidly exported from the cytoplasm to the nucleus in a manner that allows them to discern specific types of calcium signals, for example rendering them dependent on the CRAC Ca 2ϩ channel in lymphocytes (30) . This shuttling mechanism requires nuclear import and export sequences (31) as well as phosphorylation sites provided by the serine-proline repeats, which are phosphorylated by GSK3 and dephosphorylated by calcineurin (32) . Remarkably, the region of the protein both necessary and sufficient for cytoplasmic-to-nuclear shuttling is encoded by a single exon of NFATc1, c2, c3, and c4 (Fig. 2) , which we will refer to as the translocation exon. Because there is no homologue of the NFATc genes in Drosophila or C. elegans, it appears that recombination between the translocation exon Roman numerals designate exons. The exon encoding the cytoplasmic-tonuclear shuttling motifs or the ''translocation exon'' contains the serine-rich region and SP repeats (33) that are phosphorylation sites by GSK3 and perhaps other kinases, as well as substrates for calcineurin (32) . In addition, this domain contains the nuclear localization signal and nuclear export sequence in NFATc1 required for cytoplasmic-to-nuclear shuttling (31) Sequences similar to those encoding the translocation domain were not found in extensive searches of available databases. However, the motifs within the exon are present in a number of other proteins (Table 2 ). Most notably, the SP repeats (33) appear in a number of proteins that are calcineurin-regulated, including the yeast Rcn1 gene that represses calcineurin activity and is also responsive to calcineurin. The SP repeat is present twice in the heat-shock factor 1 (HSF1) transcription factor of all species. One of the residues in the SP repeat (S-303) of HSF1 is an essential site of phosphorylation by GSK3 (34, 35) , indicating that this motif is a substrate for GSK3, as has been demonstrated for mammalian NFATc1 (32) and c4 (36) . The Rcn1 gene is homologous to the mammalian Down's Syndrome Critical Region 1 gene (DSCR1) and its homologues, the products of which are inhibitors of calcineurin (37) (38) (39) (40) . Interestingly, the DSCR1 gene contains a sequence similar to the calcineurin-binding site in the NFATc family members (41, 42) . The second motif in the translocation domain of the NFATc proteins is the serine-rich region (SRR), a site of phosphorylation by GSK3 and dephosphorylation by calcineurin, which is essential for cytoplasmic-to-nuclear translocation and nuclear export (11) . A number of proteins have this motif, but perhaps most interesting is the occurrence in the protein Crz1p͞Tcn1p identified by Cyert, Cunningham, and colleagues (43, 44) . Crz1͞ tan1p contains sequences similar to the phosphoserine-rich region (SRR) originally defined in NFATc1 (Table 2 ). Crz1 undergoes calcineurin-dependent shuttling similar to NFATc Table 2 . Motifs within the translocation exon of NFATc genes proteins. Also of interest is the fact that a number of viral proteins contain the conserved NFATc motifs, including Herpes virus, African Swine Fever, and others. The African Swine Fever virus encodes an inhibitor of calcineurin that allows it to evade the immune response by inhibiting calcineurin (45) . Of the different possible evolutionary origins for the translocation exon of NFATc genes, only DSCR1 and its homologues in worms, Drosophila, and yeast appear to have more than a single motif that is involved in Ca 2ϩ sensing and translocation of the NFATc family. At present, there is no evidence that DSCR1 proteins translocate in response to calcineurin activity, and at this point an evolutionary origin for the translocation exon is uncertain.
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In the p100, p105, and relish proteins, a cytoplasmic retention domain is a distinct region in each protein and is characterized by the presence of ankyrin repeats. This region is processed and eventually degraded to allow translocation to the nucleus (46) . This cis-acting cytoplasmic retention function in relish is encoded by a single exon, which in vertebrate p105 is divided into 13 different exons (Fig. 2b) and a large but as yet undetermined number of exons in the p100 gene. Cytoplasmic retention can also be provided by the cactus or IkB proteins, which have sequence similarity to p105, p100, and relish outside the rel domain.
A rel domain related to the one found in the NFATc proteins was recently reported in the mammalian TonEBP or NFAT5 (12, 47) . This protein is encoded by a single mammalian gene and is transcriptionally regulated by osmotic stress (14) . We found a gene related to mammalian TonEBP in Drosophila, the structure of which is shown in Fig. 2c . This gene also has a large exon 5Ј to the coding sequence for the rel domain, but the protein contains neither the ankyrin repeats of the p105͞relish proteins nor the translocation domain of the NFATc family. The Drosophila protein shares some features of the human TonEBP protein outside the rel domain, including the glutamine-rich regions. The mammalian gene has been partially sequenced and found to encode a rel domain with its sequence divided by introns at sites that correspond to those present in the NFATc genes. However, outside of the rel domain, the genomic structure of TonEBP is unrelated to NFATc family members. Most definitively, TonEBP lacks the translocation exon, indicating that it is not functionally related to the NFATc proteins.
Genomic Dispersion of Proteins Containing rel Domains. To further discern relationships between the different proteins containing rel domains, we determined the genomic localization of the remaining unmapped genes. We mapped the human NFATC4 gene and TonEBP or NFAT5 gene with two radiation hybrid mapping panels. On the Genebridge 4 panel, NFATC4 was located 15.67 cM from WI-4204, whereas on the Stanford G3 panel, NFATC4 was concordant with SHGC-31972. On the basis of the location of surrounding markers as reported in the GenBank database (D14S72, D14S264, D14S275, and D14S80), NFATC4 was assigned to bands 14a11.2-q12. In the mouse, the NFATc4 gene was assigned to chromosome 14 in a region of known conserved synteny with human region 14q11.2-q12 (Table 3). On the Genebridge 4 panel, TonEBP is located 4.92 cR distal to D16S496, near SHGC-34961. On the Stanford G3 panel, TonEBP is completely concordant with SHGC-34961, located 74 cR proximal to D16S496. The map locations of surrounding markers (D16S400, D16S496) from GenBank and published sources (48) suggest a chromosomal assignment of 16q22-q23 for TonEBP.
Because NFATC3 was previously mapped to 16q21-q22 by fluorescence in situ hybridization (49), we determined its distance from TonEBP on the radiation hybrid panels. By using conversion factors of 30 kb͞cR and 270 kb͞cR for the G3 and Genebridge 4 panels, respectively, NFATC3 was estimated to be 174 kb (G3) to 570 kb (Genebridge 4) proximal to TonEBP on 16q and hence unlikely to arise by tandem duplication. Consistent with this degree of separation, TonEBP and NFATc3 have no sequence similarity outside of the rel domain and hence probably arose by recombination of the rel domain into a distinct locus rather than duplication of the NFATc3 gene.
Discussion
Our analysis of genes encoding proteins with rel domains demonstrates that the rel domain first appeared in invertebrates such as the fly but apparently was not widely disseminated to other species, including worms (Fig. 3) . In flies, three types of rel domains are apparent: one, such as relish, linked with exons encoding cytoplasmic retention sequences; a second, such as dorsal, in which the cytoplasmic retention sequences are separated, possibly resulting in the origin of cactus-like proteins; and a third, exemplified by TonEBP, in which the rel domain is linked to an osmotic sensor. At the time of the appearance of vertebrates and clearly by the time of the appearance of bony fish, the NFATc family appeared by recombination of an exon encoding a Ca 2ϩ ͞calcineurin-sensing domain with an exon encoding a rel domain (Fig. 3) . The NFATc family contains a rel domain similar to the TonEBP proteins found in insects but is otherwise distinct from the TonEBP proteins. These observations predict that the NFATc family will fulfill Ca 2ϩ -dependent signaling functions specific to vertebrates, such as the signaling needs of the recombinational immune system, advanced neurologic functions, and͞or the development of a complex cardiovascular system.
